Abstract: Some oxyhalides can be found in drinking waters as inorganic disinfection byproducts. An on-line coupled capillary isotachophoresis -capillary zone electrophoresis (CITP-CZE) method was developed for the analysis of chlorate, chlorite and bromate in water. The optimized CITP-CZE electrolyte system consisted of the following: 10 mM -HCl + 20 mM -β-Alanine (leading electrolyte), 5 mM -succinic acid (terminating electrolyte), and 10 mM -succinic acid + 5 mM -β-Alanine + 0.1 % HPMC (carrier electrolyte). A clear separation of oxyhalides from other components of drinking water was achieved within 25 min. Method characteristics, i.e., linearity (0-200 ng/mL), accuracy (88-110 %), intra-assay (3-5 %), quantification limit (5-15 ng/mL), and detection limit (2-5 ng/mL), were determined. Minimum labor requirements, sufficient sensitivity and low running cost are important attributes of this method. It was found that the developed method is useful for the routine analysis of oxyhalides in water.
HEC -hydroxyethylcellulose, FEP -fluorinated ethylene-propylene copolymer, ZE -zone electrophoresis
Introduction
Inorganic oxyhalide anions (chlorate, chlorite and bromate) are formed as disinfection byproducts in drinking water when chlorine dioxide and/or ozone are used as disinfection agents. Residual chlorite may get into drinking water during preparation of chlorine dioxide from stock solutions of chlorite and hydrochloric acid (or chlorine). Chlorate and chlorite can also originate in drinking water by reaction of chlorine dioxide with water. The reaction is reversible and its direction is influenced by pH of drinking water. Chlorite and chlorate may cause hemolytic anemia at low level of exposure while higher levels of exposure can result in an increase of methemoblobin. In the Czech Republic, the concentration limit in drinking waters is given only for chlorite at 200 ng/mL level. For example in Switzerland, the sum of chlorite and chlorate was limited at 300 ng/ml as early as in 1986 [1] . Bromate is formed during ozonation of water by reaction of ozone with bromide. Bromides occur in natural water, even though sometimes in a very low or trace concentration (always in much lower concentration than e.g. chloride). The disinfection by-products are harmful substances and some of them are suspected carcinogens. Their concentration in drinking water is regulated by both international guidelines [2] and national standards [e.g. 3]. Therefore, they need to be monitored in finished drinking water. Guideline values for concentration of bromate and chlorite in drinking water are 25 and 200 ng/mL, respectively [2, 3] . Required limits of determination are 25 % and 10 %, respectively, of the above values [3] .
Methods for the analysis of oxyhalides (and inorganic disinfection by-products) in drinking water are usually based on ion chromatography (IC) with conductivity detection [4] [5] [6] . With a large volume injection (hundreds of microliters) and high performance anion electrolytic suppressor, the detection limits of oxyhalides vary between 2 to 10 ng/ml. The LOD can be decreased below 1 ng/ml by use of a postcolumn reaction (e.g., odianisidine, chlorpramazine as post-column reagent) and photometric detection or by pre-concentration of sample (a microwave based evaporation technique).
It has been shown [7, 8] that a combination of ITP and ZE is suitable to analyze trace ionogenic constituents present in a large excess of matrix ions. The CITP-CZE mode utilizes advantages of both methods. The ITP step enables injection of large amounts of a sample (up to several hundred microliters) and thus permits analysis of ionogenic constituents below nmol/mL. The sample constituents are separated into a stack of the zones with minor constituents focused into narrow bands. Bulk ionogenic components are forced to migrate out of the separation compartment at the end of the preseparation column. The minor analytes (e.g. bromate or chlorite) concentrated and cleaned up from the bulk components in the ITP step are transferred into the analytical column as a narrow sample pulse in the ZE step. The removal of bulk components is well defined and reproducible when it is based on the signal from the conductivity detector of the preseparation column. The ZE step offers high resolution and aids in the identification of minor components using migration times.
The primary aim of our work was to develop CITP-CZE method for the analysis of trace concentration of disinfection by-products in drinking water.
Experimental

Chemicals and apparatus
Standard of sodium bromate (99+ %), sodium chlorate (99+ %) and sodium chlorite (80 %), ethylenediamine (EDA), (β-alanine (99+ %, BALA), and hydroxyethylcellulose (HEC) were purchased from Sigma-Aldrich, Ltd. (Prague, Czech Republic). Succinic acid (p.a.) and hydrochloric acid were obtained from Lachema (Brno, Czech Republic). Deionized water was used for electrolyte and standard solutions preparation. CITP-CZE analyses were performed using electrophoretic analyzer EA 101 (Labeco-Villa, Ltd., Slovak Republic) with column coupling (pre-separation FEP capillary 90×0.8 mm; and analytical FEP capillary 500×0.3 mm) equipped with a conductivity detector. The electropherograms were evaluated by the help of PC software package (KasComp Ltd., Slovakia) supplied with analyzer. The samples and/or standard solutions were injected by a valve with fixed internal sample loop (30 µL).
CITP-CZE, calibration and sample treatment
Chlorate, bromate and chlorite were simultaneously determined using the following electrolyte system: leading electrolyte 10 mM-HCl + 20 mM-β-Alanine + 0.1 % HPMC, pH 3.5, terminating electrolyte 5 mM -succinic acid, carrier electrolyte: 10 mM -succinic acid + 5 mM-β-Alanine + 0.1 % HPMC, pH 3.65, driving current: pre-separation capillary 250 µA; analytical capillary 25 µA, analysis time: 25 minutes. The external standard technique was used. A standard solution of oxyhalides in drinking water was injected (in duplicate) at five-levels (from 2.5, up to 200 µg/mL) by the use of a sample valve with fixed internal loop (volume 30 µL). These standard solutions were prepared from their stock solutions (1 mg/mL) in dematerialized water by appropriate dilution with drinking water. As a preservative agent of drinking water, ethylenediamine was used at 50 mg/L level.
Model water samples were prepared by spiking of drinking water sample by stock solutions of oxyhalides to required concentration. EDA was also added at the concentration of 50 mg/L.
Results and discussion
During the method development we tested different carrier anions such as aspartic, glutamic and succinic acids. The succinic acid appeared as the best choice of carrier (contained the lowest level of impurities). We also optimized the pH of leading and carrier electrolytes within the range 3 -4. The above mentioned electrolyte system is the result of optimization.
The method characteristics, i.e., linearity, intra-assay, accuracy (recovery) and detection limit are summarized in Table 1 . The detection limit can be easily decreased below 1 ng/mL by an injection of larger volume of sample by the help of microsyringe (up to 200 microliters). These results clearly show that the method is suitable for the intended purpose and fulfills legislative requirements on the analytical method (vide supra).
Value Characteristic
Chlorate Bromate Chlorite Intra-assay a (RSD in %, n = 6) 3.8 3.0 5.5 Accuracy (recovery) b (RSD in %, n = 4) 105 ± 10 101 ± 5 88 ± 10 Linearity c (ng.mL −1 ) 10 -100 2. Table 1 Method characteristics for oxohalides in drinking water.
In Figure 1 electropherograms of tap water spiked with oxyhalides are shown. From the trace of the conductivity detector, it is clear that all analytes of question are fully separated from sample matrix. Besides the oxyhalides this method enables determination of other anionic microcomponents in drinking water such as nitrite, fluoride and phosphate at ng/ml levels in one run. Fig. 1d Electropherograms of CITP-CZE analyses of tap water sample spiked with 100 ng/mL of oxyhalides each; trace from the conductimeter of the analytical capillary (ZE step). Several trials were performed to compare IC and CITP-CZE. Results are shown in Figure 3 and represent only one selected trial. Set of trials revealed that: (i) both methods have the same error of measurements (F-test is not statistically significant), (ii) there is not statistically significant difference between results obtained by both methods (t-test is not significant), (iii) CITP-CZE finds in average 95 % of bromate, 95 % chlorate and 88 % chlorite added into the drinking water samples; IC finds 87 %, 76 % and 103 % of chlorate, bromate and chlorite, respectively, (iv) Relatively lower yields of CITP-CZE for chlorite can be explained by the fact that there exists equilibrium between chlorite and chlorine dioxide (as was already mentioned, chlorine dioxide is in water treatment plants produced from chlorite in acidic environment):
It follows from Eq. (1) that chlorite is unstable at lower pH. IC determination is performed in alkaline conditions, while CITP-CZE analysis requires acidic electrolyte separation system. During CITP-CZE analysis the equilibrium concentration of chlorite could be shifted towards the lower values, while concentration of chlorine dioxide increases. Chlorine dioxide is not directly analyzable by CITP-CZE due to its non-ionic properties. 
Conclusion
We determined that CITP-CZE is very useful for the analysis of inorganic disinfection byproducts (chlorate, bromate and chlorite) in drinking water and gives comparable results as commonly used IC with conductivity detection. CITP-CZE method is approximately five-times more sensitive than IC and enables determination of chlorate, bromate and chlorite at ppb levels without any sample pre-treatment. This method has at least 100-times lower running cost than that of IC, and due to low consumption of water-based diluted electrolytes it is an environmental friendly method. Thus the method is well suited for routine water analysis and can easily be an alternative method to IC.
